Background: Nutrient profiling of foods is defined as the science of classifying foods based on their nutrient content. Food rankings generated by nutrient profile models need to be tested against objective reality as opposed to public opinion. Objective: To test the performance of selected nutrient profile models in relation to the foods' energy density (kcal g À1 ) and energy cost (Dollar per 1000 kcal). Subjects/Methods: Analyses were based on 378 component foods of a food frequency instrument. The models tested were the French nutrient adequacy models NAS23 and NAS16 and nutrient density models NDS23 and NDS16; and a family of nutrientrich models (NR n , where n ¼ 5-7; 10-12, and 15). Also tested were LIM scores and a modified British Food Standards Agency model WXYfm. Profiles were calculated based on 100 g, 100 kcal and on Reference Amounts Customarily Consumed. Food rankings generated by different models were correlated with each other and with the foods' energy density and energy cost. Results: Nutrient profile models based on protein, fiber, vitamins and minerals showed an inverse correlation with energy density that diminished as more micronutrients were introduced into the model. Models based on fat, sugar and sodium were highly correlated with energy density. Foods classified as healthier were generally associated with higher energy costs. Conclusions: Not all models accurately reflected the foods' content of nutrients known to be beneficial to health. High correlations with energy density meant that some models classified foods based on their energy density as opposed to nutrient content.
Introduction
Nutrient profiling, defined as the science of categorizing foods according to their nutritional composition (Rayner et al., 2004) , will shortly become the basis for regulating nutrition and health claims in the European Union. As proposed, only foods with favorable nutrient profiles will be allowed such claims, whereas foods with unfavorable profiles will be disqualified (The European Parliament and the Council of the European Union, 2006) . Given the high stakes, the development of nutrient profile models has been the focus of much research effort (Rayner et al., 2005b; Scarborough et al., 2007b) . The UK Food Standards Agency (FSA) has made its nutrient profiles available in peer-review publications (Scarborough et al., 2007b) and online reports (Rayner et al., 2004 (Rayner et al., , 2005a Stockley, 2007) . The corresponding French agency (Agence Française de Sécurité Sanitaire des Aliments (AFSSA)) will soon release its own model profile (AFSSA, in press ). Nutrient profiles from Australia (Gazibarich and Ricci, 1998) , the US (Drewnowski, 2005; Zelman and Kennedy, 2005) , France (Darmon et al., 2005; Labouze et al., 2007; Maillot et al., 2007) , the UK (Rayner et al., 2004 (Rayner et al., , 2005a Stockley, 2007; Scarborough et al., 2007b) and the Netherlands (Netherlands nutrition center, 2007; Nijman et al., 2007) have been the topic of international symposia (IFN, 2006) , workshops (FSA, 2005b; ILSI, 2006; EFSA, 2007) and reviews (Drewnowski, 2007) .
How well such nutrient profiles perform is not always clear, since the criteria for selecting one model over another have not been established (Drewnowski, 2007) . The chief criterion of success was whether or not the set of food rankings generated by the model looked 'right'. In some studies, health professionals were asked to rate some 100 arbitrarily chosen foods for their perceived health value (Azais-Braesco et al., 2006; Scarborough et al., 2007a, c) . The rankings generated by each model were then compared to those subjective survey results. Another way to establish relative validity was to compare rankings generated by different models with each other (Azais-Braesco et al., 2006; Scarborough et al., 2007a, c) .
Nutrient profile models need to be tested against objective reality as opposed to subjective opinion. One important question is whether nutrient profiles should provide more information about the nutrient content of foods that is provided by the measure of calories per unit weight. On one hand, the concept of energy density (kcal g À1 ) alone may be sufficient to promote healthier food choices and spur industry innovation. On the other hand, the very notion of nutrient profiling does imply going beyond calories to consider the total nutrient package. Article 4 of the European Union (EU) proposal specified the inclusion of nutrients known to be beneficial to health. Our research had previously identified strong interrelations among nutrient density of foods, energy density and energy cost (h per 100 kcal or $ per 1000 kcal) (Darmon et al., 2004; Andrieu et al., 2006; Drewnowski et al., 2007; Maillot et al., 2007) . We therefore tested the performance of selected nutrient profile models against energy density and energy cost of 378 frequently eaten foods that were broadly representative of the US diet.
Methods
The food list This study was based on 378 component foods of the food frequency questionnaire (FFQ) developed by the Fred Hutchinson Cancer Research Center (Patterson et al., 1999) . This food list excluded diet beverages with energy density o0.1 kcal g À1 , noncaloric tea, coffee, drinking water, medical foods and vitamin supplements but included ready to eat cereals, fortified beverages and fortified products such as liquid formula diets. The foods were also aggregated into nine major food groups, following US Department of Agriculture (USDA) codes (USDA, 2006) .
Nutrient composition databases and food prices
Each FFQ component food was first translated to a specific food item in purchasable form, using a software nutrient composition database of over 27 000 food items USDA, 2007) . Food prices (in US dollars) were obtained in May-July 2006 from three supermarkets in the Seattle metropolitan area using in-store visits and supermarket websites. Prices of fast foods were obtained at local branches of national fast-food restaurants . For each food, price per 100 g was calculated taking into account the edible portion or yield, based on the US Department of Agriculture Handbook 102 (USDA, 1975) .
Index nutrients and reference amounts
All calculations were based on the USDA nutrient composition database and on Food and Drug Administration (FDA) reference amounts summarized in Table 1 ( FDA, 2002 FDA, , 2007a . Scores based on nutrient profile models developed in France (Darmon et al., 2005; AFSSA, in press; Maillot et al., 2007) were recalculated using FDA-specific criteria. The FSA WXYfm point score was based on the criteria specified by its authors (Rayner et al., 2005b) . The USDA database does not, for the most part, flag fortified foods. Families of nutrient profile models Table 2 summarizes the index nutrients included in the models tested. The models included protein, fiber and a wide range of micronutrients, mostly vitamins and minerals. Some models also included monounsaturated fats and essential fatty acids. Table 3 summarizes the algorithms for selected families of models calculated per 100 g, per 100 kcal and per RACC.
The nutrient adequacy scores family of models (NAS23 and NAS16). These profiles, previously published under the name of nutrient adequacy scores (NAS) (Darmon et al., 2005) , were based on unweighted arithmetic means of percentage recommended daily values for a number of index nutrients. Index nutrients ranged from 5 to 23 and calculations were based on 100 g of edible food.
The nutrient density score family of models (NDS23, NDS16, NDS5). Dividing NAS scores by the energy density of food yielded nutrient density scores (Darmon et al., 2005) . The nutrient density score (NDS) models in published research (Darmon et al., 2005; AFSSA, in press; Maillot et al., 2007) were based on unweighted arithmetic means for positive Iodine, which was originally included in the published NAS23 and NDS23 scores, has been replaced by phosphorus in the present calculation.
Testing nutrient profile models A Drewnowski et al nutrients, calculated per 100 kcal. Data presented in this study are for NDS profiles based on 5, 16 and 23 nutrients. NDS models were also calculated per RACC.
The nutrient-rich food family of models. The nutrient-rich food models (NR n , where n ¼ 5-7; 10-12, 15) were based on a variable number of index nutrients, calculated per 100 kcal and per RACC. They were derived from the naturally nutrient-rich score, which was based on protein, fiber, monounsaturated fat and 12 vitamins and minerals (Drewnowski, 2005) . The NR models were equivalent to the NDS family, since both were based on a nutrient to energy ratio. The NDS5 and NR5 models were, in fact, the same.
The limited nutrient score. The published limited nutrient score (LIM) was based on three nutrients to limit, calculated per 100 g of food. Index nutrients were saturated fat, added sugar and sodium. Reference amounts were based on maximum recommended values (MRVs) for the French population: 10% of energy intake for each added sugars and saturated fats and 6 g per day for sodium. Translated to the FDA benchmarks, these values became 20 g of saturated fat, 50 g of added sugar and 2400 mg of sodium. A variant LIMtot score was based on total fat, total sugar and sodium. LIM scores were also calculated per 100 kcal and per RACC.
The Food Standards Agency model WXYfm. The FSA model WXYfm was based on four negative and three positive nutrients, all calculated per 100 g. The sum of desirable or positive components (subscore A) was subtracted from the sum of the negative components (subscore C) to yield the final score, unless the sum of negative components exceeded 11, in which case it remained the final score (Rayner et al., 2005b) . The FSA WXYfm subscore C was based on energy, saturated fat, added sugar and sodium, calculated per 100 g. The FSA subscore A, in addition to protein and fiber, awarded points based on the foods' content of fruits, vegetables and nuts, all calculated per 100 g. The final score had reverse polarity, with numbers below zero denoting the more nutritious foods. The present modification used a simpler method for calculating the amounts (in g) of fruit, vegetables or nuts present in soups and some infrequent mixed foods that were part of subscore A.
Statistical analyses
All analyses were performed using SAS software version 9.1. (SAS institute, Cary, NC, USA) and the Statistical Package for the Social Sciences version 11.0. Relation between total score and score components and analyses of colinearity among nutrient profiles scores was conducted using Pearson's correlations. All variables were log transformed for correlation analyses with the exception of the FSA WXYfm subscore Table 1 ) n, the number of nutrients NDS23, NDS16, NDS5 NDS n ¼ (NAS n /ED) Â 100 100 kcal A nutrient density score based on 100 kcal of food NDS n , NAS n divided by ED NDS23, NDS16, NDS5 NDS n ¼ (
A nutrient density score based on portion size of food Nutrient i , content of nutrient i in 100 g edible portion
Based on MRV i (see Table 1 ) and on food weight (100 g) L i , content of limiting nutrient i in 100 g of edible portion
Based on MRV i (see Table 1 ) and on portion sizes
100 kcal Nutrient i , content of nutrient i in 100 kcal edible portion NR n per 100 kcal are equivalent to NDS n per 100 kcal Testing nutrient profile models A Drewnowski et al A and FSA WXYfm total score, which already displayed approximatively normal distributions. An a-level of 0.05 was used to determine statistical significance.
Results
Nutrient profile models, energy density and energy cost As shown in Table 4 , the models' relation to energy density depended on the type and the number of index nutrients. All models that were exclusively based on total or saturated fat, total or added sugar and sodium were highly correlated with energy density. Generally, the relation to energy density weakened as fat and sugar was removed and more micronutrients were introduced into the model. Models based on protein, fiber and three vitamins and minerals were more strongly linked to energy density than those based on 412 micronutrients.
The calculation basis changed the models' relation to energy density in a predictable manner. NAS, calculated per 100 g, were positively linked to energy density and fat content of foods. NDS and nutrient-rich (NR) score, calculated per 100 kcal, were inversely related to energy density and to the fat and added sugar content of foods. So were NDS and NR score calculated based on RACC. The relation to energy density weakened as more micronutrients was introduced into the model. The relation between model scores and energy cost also depended on the type and the number of nutrients included. A strong relation between a model and energy density usually meant a strong relation between model scores and energy costs. In other words, such models gave unfavorable ratings to inexpensive and favorable ratings to more expensive foods. Thus, both the FSA subscore C and the LIM score were strongly associated with high energy density and low energy cost. There were also significant correlations Testing nutrient profile models A Drewnowski et al with the fat and added sugar content of foods. The composite FSA model performed much the same as the subscore C. There were high and significant correlations between FSA subscore C, FSA total score, the LIM scores and energy density.
Correlations among nutrient profile models Table 5 shows Pearson's correlations among nutrient profile models. The NDS and NR nutrient density profiles were highly correlated with each other. The correlations at 0.93 level even as the number of nutrients in the model was reduced from 23 to 10. Correlations were reduced further (r ¼ 0.78) as the number of positive nutrients was stripped down to basic five. In other words, nutrient profile models in the NDS family yielded similar results whether based on 10 or 23 nutrients. The addition of further vitamins and minerals beyond some optimum of 10 or 11 may not alter nutrient profiles very much. The NDS and NR nutrient profiles, based on 100 kcal, were negatively correlated with LIM scores. It was to be expected given that LIM scores were so closely linked to the energy density of foods. However, the surprise was that the FSA WXYfm model subscore C and the FSA WXYfm total score were highly correlated with LIM and even more so with LIMtot. Figure 1 (top panel) shows the relation between median nutrient density scores and median energy density for the nine food groups. First, it can be seen that there was an inverse relation between energy and nutrient densities ratings. Sweets and snacks, added fats and cereals were energy dense and had lower nutrient density scores. Vegetables and fruit were energy poor but nutrient rich. Milk and meat products had energy density in the 150-200 kcal per 100 g range and mid-range nutrient density scores. Caloric beverages were an exception, since they were low-energy density and had low nutrient density scores.
Nutrient profiles for major food groups
It can be seen that the nutrient density models, based on 23, 11 and 5 nutrients behaved similarly. Each awarded highest ratings to vegetables and beans followed by fruits, meat and dairy. Because the NDS23 model included polyunsaturated fats among desirable nutrients, median scores in the meat group were actually higher than those in the fruit group. Breads and cereals, including fortified ones, received medium scores. Sweets and snacks, fats and beverages tended to receive the lowest scores. The inverse relation to energy density was strengthened as the number of nutrients in the model was reduced from 23 to 5. Figure 1 (bottom panel) shows the relation between median nutrient density scores and median LIM scores for the same nine food groups. It can be seen that the LIM scores were not substantially different from energy density scores. Figure 2 (top panel) shows a very strong relation between LIM scores and energy density of foods. The highest ratings were given to fats, sweets and snacks, and to dry breads and cereals. Meats, milk and milk products received medium scores, whereas low-energy-density fruits and vegetables received the most favorable scores. The emphasis on energy density meant that low-energy-density caloric beverages scored better as compared to yogurts or cheese products though not as well as vegetables and fruit. Figure 2 (bottom panel) shows the inverse relation between LIM scores and energy cost. As expected, foods with high energy density were associated with lower energy costs. Testing nutrient profile models A Drewnowski et al
Discussion
Classifying foods based on their nutrient profiles have a number of regulatory and marketing applications, but not in the EU (COI, 2004; FSA, 2005a) . The US FDA may also consider the use of nutrient profile-based symbols to communicate nutrition information to the consumer (FDA, 2004 (FDA, , 2007b (IOM, 2007) . As more nutrient profiles are developed, it is good to show how various classes of models behave. These are the first tests Testing nutrient profile models A Drewnowski et al of nutrient profile models against the foods' energy density and energy cost. Nutrient profile models based on protein, fiber, vitamins and minerals were, in essence, nutrient to calorie ratios. Their algorithms operationalized the FDA definition that nutritious foods should provide 'substantial' amounts of desirable nutrients in relation to 'few' calories (FDA, 2007b) . Not surprisingly, these models were negatively related to energy density and positively related to nutrient cost. The relation to energy density was stronger when the model was based on few micronutrients and was attenuated as more vitamins and minerals were introduced into the model. The one surprise was that adding more vitamins and Testing nutrient profile models A Drewnowski et al minerals to the model beyond a certain limit had little additional impact on food-group rankings. In other words, a model based on 23 positive nutrients provided rankings similar to those generated by a model based on 9 or 11 positive nutrients, with correlation levels exceeding 0.90. This is an important consideration, since regulatory agencies would most likely prefer a minimal number of nutrients for the ease of enforcement, whereas models based on an 'optimal' number might show higher correlations with a healthy diet. Those models that were based exclusively on nutrients to limit were highly correlated with energy density but less well with the nutrient content of foods, as tracked by alternative models. This was true of the LIM and LIMtot scores and of the FSA WXYfm model subscore C. The close links to energy density meant that the models provided little additional information beyond calories. The FSA WXYfm total score, in particular, was little more than a function of energy density, with beneficial micronutrients contributing relatively little to the total score.
For the most part, energy-dense foods were associated with lower energy costs, whereas nutrient-dense foods were associated with higher energy costs, consistent with our past research (Darmon et al., 2005; Maillot et al., 2007) . The cost issue bears watching because the foods deemed to be undesirable or unhealthy are typically cheaper (per calorie) as compared to the more nutrient-dense options. For example, foods deemed 'healthy' by the FSA model were far more costly than those deemed less healthy and less desirable (Drewnowski, 2007) .
The present analyses were intended to demystify the process of nutrient profiling. Comparing model scores to energy density and cost should be considered tests of model performance, rather than efforts at validation, since they did not make use of dietary intake data. By contrast, a validation technique (ILSI, 2006) compared rankings generated by three models with a set of indicator foods that were positively or negatively associated with 'healthy' diets, as defined using Eurodiet criteria and national dietary surveys from five EU countries. Development of validation methods ought to be a high research priority.
Additional studies need to link nutrient profiles of foods to other determinants of food choice-such as food preferences and food costs (Drewnowski, 2007) . We must remember that foods are consumed for more than just sustenance and nutrition. Food choices and eating habits provide opportunities for social interaction and food is a source of considerable pleasure to consumers. Finally, the usefulness of the chosen model needs to be tested among nutrition professionals and among consumer groups of different socioeconomic status (COI, 2004) . Regulatory agencies should act only when they are satisfied that the scientific process has been followed; that the algorithms are transparent, and the profile model has been validated with respect to objective measures of a healthy diet.
